Abstract: Dolerite dykes are widespread in the Mongo area within the granitic Guéra Massif (Chad, Central Africa). Dykes are several hundred metres to several kilometres long, a metre to decametre thick, and vertical, crosscutting the Pan-African granitic basement rocks. They are controlled by major Pan-African NNE-SSW, NE-SW and ENE-WSW faults. Rocks constituting the dykes exhibit typical doleritic textures (i.e. intergranular, ophitic or subophitic). They are mainly composed of phenocrysts, microcrysts and microlites of clinopyroxene, amphibole, plagioclase, alkali feldspar and Fe-Ti oxides. Mongo dolerites are classified into two groups: Group 1 of basalt and trachybasalt and Group 2 of basaltic trachyandesite, which follow a trend with continental tholeiite affinities, and are differentiated through fractional crystallization. Trace element enrichment and REE contents show the high melting degree at shallow depths of enriched sub-continental lithospheric mantle, whose composition is intermediate between OIB and MORB, contaminated by small amounts of sediment during older subduction. Mongo dolerites are interpreted as imprints of either the final stage of stabilization of ancient continental crust, or the initiation of tectonic activity related to Pan-African mobile belts.
Introduction
Precambrian massifs are exposed in Chad as five terranes (review in [1] ): Tibesti to the north [2] , Waddai to the east, Mbaibokoum, or Yade, to the south [3] , Mayo Kebbi to the south-west [4] [5] [6] [7] ( Figure 1A ) and Guéra to the south [8] . Mayo-Kebbi and Mbaibokoum/Yade constitute terranes of the Neoproterozoic Central African Orogenic Belt (CAOB) [4, 5] . Tibesti, Waddaï and Guera are parts of a large area coined by [9] as the "Saharan Metacraton", defined as "a craton that has been remobilized during an orogenic event but that is still recognizable dominantly through its rheological, geochronological and isotopic characteristics" [9] . This paper presents petrology and geochemistry data on the doleritic dyke swarms of Mongo and discusses their relevance to tectonic reconstitution of the Guéra Massif.
Geological setting
Doleritic dykes are widespread in the Mongo area within the granitic Guéra Massif (Chad, Central Africa). These dykes occur in Oyo, Zobili and Ibine massifs, and close to Barlo and Tialo Ideba villages ( Figure 1 ).
Previous studies carried out in Guéra Massif mainly concern mineral prospecting and exploration, and mineral deposit investigations particularly before 1960 [see 1].
The most recent work on the Guéra Massif basement offers new evidence from field observations and remote sensing studies [8] . Four groups of rocks have been distinguished, based on relative chronology: (1) gabbroic rocks, (2) diorites, granodiorites, and hornblende-biotite granites, (3) two-mica granites and (4) biotite granites [8] . From a structural point of view, the D1 and D2 deformation phases have affected the Mongo doleritic dyke swarm, but are lacking in two-mica granites and biotite granites. The third deformation phase D3 is associated with N25-75 ∘ E striking shear zones. The last deformation phase D4 is ubiquitous and responsible of brittle structures (faults and joints), oriented NE-SW and NW-SE and controlled dyke emplacement. Dykes may be considered as issued from either late stages of the Pan-African orogeny or Phanerozoic tectonic events.
Materials and methods
Over 10 giant dykes are exposed in the Mongo region ( Fig. 1  and 3 ). Each dyke was systematically sampled and its strike, dip, width and exact position (GPS) were recorded.
Petrographic studies were carried out using 14 thin sections prepared from representative samples at the GEOPS Laboratory, University Paris-Sud Orsay-CNRS, France. Major and trace element analyses of lavas were determined using 8 representative samples by ICP-AES and ICP-MS at the Acmel Laboratory of Vancouver, Canada. Prepared samples were mixed with LiBO 2 /Li 2 B 4 O flux. Crucibles were fused in a furnace. The cooled beads were dissolved in ACS-grade nitric acid and analyzed by ICP and/or ICP-MS.
Results

Fieldwork and petrography
The granitoid basement of the Mongo area is dissected by numerous vertical and sub-vertical mafic dykes striking mainly N20-N30, NE-SW and occasionally N70-80 (Figure 2) . They remain typically parallel to the principal stress directions, recognized by [8] , that affect the Mongo basement rock. Dyke thicknesseses vary from 1.1 to 15 m at Oyo, Zobili and Barlo, and from 15 to 30 m at Ibine, with a maximum of 50-100 m at Zoni. Their lengths are usually several kilometres ( Figure 1B ). Contacts with wall rocks are usually sharp ( Figure 3A ) and display chilled margins, especially Barlo dykes, whose widths are less than 3 m ( Figure 3B ). Increasing grain-size toward the dyke interior is typical of the Kilim dolerite. Finger-like structures ( Figure 3C ) developed sometimes at the edges. Such features indicate that Mongo dykes were emplaced along preexisting fractures. Oyo and Zoni dykes are strongly weathered and form both an arena of blocks and 50 cm to several metre-size bowls. Dykes may be affected by secondary alteration, or contain epidote streaks along cracks. Yet, fresh outcrops are available for sampling. Representative samples are medium-to coarse-grained and dark-grey to dark-green in colour. Whitish feldspar crystals with tabular shape (1 × 3 mm to 3 × 7 mm, up to 30% in volume) are easily observed within the dark matrix. Blocky pyroxene crystals (7 to 20% in volume) are darker than the matrix. Glittering acicular pyroxene crystals (< 5% in volume) are present in some samples.
Under plain polarized light ( Figure 4A , 4B and 4C), dykes exhibit subdoleritic and seriate texture. They are composed of plagioclase phenocrysts exhibiting swallowtail terminations and skeletal features, sometimes decorated with a zone of small inclusions and surrounded by wispy feldspar lamellae ( Figure 4A ). Phenocrysts and microphenocrysts of alkali feldspar occur also in some samples. Clinopyroxene oikocrysts, apatite, scarce skeletal green amphibole and Fe-Ti oxides are present.
Geochemistry
Major element data of fresh representative samples are listed in Table 1 Figure 5 ).
Contents of transition elements (Ni: less than 20 up to 45 ppm, Co: 17-39 ppm, V: 133-212 ppm and Cu: 13-35 ppm) are low compared with typical primitive mantle magma values, e.g., Ni (250-350 ppm) and Co (50-70 ppm) [10, 11] . Doleritic liquids could have derived from a source depleted in these elements and/or early fractionation of Mg-olivine, clinopyroxene and Fe-Ti oxides that occurred in the parental magma.
Alkali-earth element Sr (430-700 ppm) and Ba (800-1300 ppm) contents are high and close to those of Biden dolerites in the Adamawa plateau, Cameroon [12] which exhibit very high Ba contents (up to 1802 ppm). Rb contents (28-76 ppm) show a wide range and are higher than in Mayo Oulo-Léré dolerites, Cameroon (10 ppm, [13] ) and the Neoproterozoic flood basalts (≈ 4 ppm) of the lower Dja, Yokadouma and Nola, Cameroon [14] . HFSE contents (Ta, Nb, Hf, Th, Y and, to a lesser degree, Zr) are high and decrease from the primitive of Group 1 to the slightly evolved samples of Group 2. Conversely, U and Th contents increase from Group 1 to Group 2, whereas Hf shows overlapping content values.
Y/Nb ratios are always > 1 and vary between 1.35 and 2.2 with the highest values found in evolved samples. Zr/Nb ratios in Group 1 (12.3-13.8) are nearly constant, whereas they are fairly higher in Group 2 (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Ratios in both groups are similar to E-MORB (between 10 and 20, La/Nb ratios are between 1 and 3 ( Figure 8 ) and range between ocean basalts (MORB and OIB) and arc basalts. They plot near the marine sediments proposed by [19] (Figure 9) . Th/La ratios in Group 1 (0.04-0.08) are typical of mantle values, whereas in Group 2 (0.15-0.17) they are typical of arc basalts and marine sediments [9] . Thus, dolerite compositions ( Figure 6B ) exhibit an array from active margin to late/post orogenic intra-continental fields when plotted in an La-Y-Nb diagram (after [20] ). [12] , Mayo Oulo-Léré [13] and Obudu [24] dyke swarms.
Discussion
Field evidence
The sub-vertical dykes of mafic composition from Guéra Massif trend mostly NNE-SSW, NE-SW and occasionally ENE-WSW. From field observations and remote sensing studies [8] , four fracturation phases affected the Mongo basement along these same directions. Dyke emplacement was related to brittle structures, as suggested previously by [8] .
Petrological and structural similarities between Mongo [8] , Mayo Kebbi [4, 7] and Léré basements in Southern Chad [5] suggest that these regions are parts of the same terrane, which was welded during the Pan-African orogeny to the Adamawa-Yadé Domain [21] , i.e. outside of the "Saharan metacraton". The NNE-SSW, NE-SW and ENE-WSW trending brittle structures could have formed between 740 and 737 Ma [4] .
Mongo dolerite petrogenesis
Mongo dolerites have chemical compositions evolving from basalt to trachybasalt to basaltic trachyandesite and plot in the alkaline field of Miyashiro [22] (Figure 5 ). However, they share affinities with Continental Tholeiites (Figures 6 and 10) like other dolerites described in Cameroon at Biden [12] and at Likok [23] and in Nigeria at Obudu, [24] . Primitive mantle-normalized multi-element patterns of Mongo dolerites (Figure 11 ) are quite parallel to Biden Figure 11 : Primitive mantle-normalized multi-element diagrams [18] of Mongo dolerites, compared with Biden dolerites [12] , Mayo OuloLéré dolerites related to rifting environment [13] , and upper continental crust (in red, from [26] ).
continental tholeiites [12] . They differ clearly from EarlyCretaceous rocks of Mayo Oulo-Léré and Babouri-Figuil half-grabens in Cameroon, related to extensional structural settings [13] and from Initial Rifting Tholeiites [25] . Similarities appear between Mongo patterns and the upper continental crust pattern (after [26] ), except that upper continental crust displays Ba, Sm and Ti negative anomalies.
No samples exhibit primary magma compositions. Low values of Mg# (between 27 and 40) and transition element contents (Ni<50 ppm; Co<50 ppm; V<250 ppm) differ clearly from primitive magma values [27] . Mongo dolerites differentiate by fractional crystallization, as shown by a continuous and regular decrease in MgO, CaO, P 2 O 5 , TiO 2 and an increase in SiO 2 , Na 2 O and K 2 O contents from basalt to basaltic trachyandesite (Table 1) . Fractionation would involve clinopyroxene, plagioclase, Fe-Ti oxides and apatite. The same fractionating assemblage can explain the continuous increase in some incompatible elements (Ba, Cs, Rb, Th and U) and decrease in Sr and Ni, Co and Sc. All samples have fractionated REE patterns, as indicated by the high (Ce/Yb) ratios. Slight negative anomalies in Eu in REE patterns ( Figure 7B ) support the role played by plagioclase in the fractional crystallization process. On the other hand, the decrease of Nb, Ta, Y contents from basaltic to more evolved rocks should involve accessory mineral fractionation.
Negative anomalies in Ti, P, Sr and Cs ( Figure 7A ) are typical of continental tholeiite [25] . High La/Nb ratios, important variations of Zr/Nb, Zr/Hf, Nb/Ta ratios and low Nb/U ratios in Group 2 might suggest the involvement of some crustal materials or subducted sediments of continental origin in their genesis [16, [28] [29] [30] . The evolved Group 2 rocks may have undergone contamination by the lower crust (see Figure 6A and 6B), as suggested by enrichment in K, Rb, Ba and Th and Nb negative anomalies [31] . Additional evidence is provided by a comparison of trace element patterns of Mongo dolerites with upper continental crust (Figure 11 ). Patterns share some similarities for the most incompatible elements but display contrasting behaviour for other elements. Sr, Nd and Pb isotopic analyses are necessary to constrain better the role played by crustal contamination. Currently, there is no field evidence to support granitoid assimilation or contamination; all contacts of the dykes with wall-rocks are sharp, with chilled margins ( Figure 3B ), preventing prolonged contact between the molten magma and host rocks [32] . Crustal contamination remains elusive.
Nature of the mantle source
Geochemical features indicate that Mongo dolerites derived from an enriched heterogeneous mantle source that was depleted in Nb and Ta relative to Th, U and the LREE. Magma generation would have taken place at shallow depths, aided probably by fluids generated through dehydration of old subducted slab [33] . It has been suggested [31] that continental tholeiite mantle has an intermediate composition between N and P-type MORB. Subcontinental and sub-oceanic upper mantles are compositionally distinct [34] [35] [36] . Low Th/Ta ratios of both Group 1 and Group 2 emphasize a magmatic origin [19] . On other hand, high (La/Er) N and (Gd/Er) N ratios and HREE depletion evidenced by (Tb/Yb) N between 1.7 and 2.1 suggest the presence of a garnet phase in a mantle source [37, 38] .
The enrichment mechanism of Mongo dolerites' mantle source may result from an introduction of old subducted sediments into the underlying mantle as shown by Zr/Nb, Zr/Hf, Nb/Ta and Th/Ta ratios [33] and negative anomalies in Nb, Ta and Ti. The fairly high Nb/U ratio (from 22 to 52) of Group 1 is close to MORB and OIB values of 47±10 [39, 40] . Values are lower (12) (13) (14) (15) (16) (17) (18) in Group 2. Plots are intermediate between anorogenic and orogenic fields in the Th-Tb-Ta diagram ( Figure 6A ) [17] . Wide variations of Zr/Hf ratios could reflect compositional heterogeneity of a mantle source [41] . Thus, the best candidate for the mantle source of Mongo dolerites is the enriched sub-continental lithospheric mantle [31, 34, 43] whose composition lies between OIB and N-MORB sources (Figure 8 ). This source may contain a small amount of additional terrigenous subducted sediments, as illustrated in the Th/Nb vs La/Nb diagram (after [19] , Figure 9 ) and attested by Zr/Nb ratios from 10 to 20 [37] . Th/Ta ratios from 1.6 to 4.0 [17] and high TiO 2 contents (up to 3.7 wt%), close to OIB alkali lavas [42] constitute further evidence. Mongo dolerite compositions are very distinct from typical arc-type tholeiite as proposed by Jakeš and Gill [44] , shown in Th-Hf-Ta [45] and Th-Tb-Ta diagrams [17] . Accordingly, the arc-type features [46, 47] exhibited by some Mongo dolerites should be related to the addition of terrigenous sediments in mantle source, as proposed by Wayne [38] for Huronian low-Ti continental tholeiites.
Geodynamic implication
High Ba/Nb (31-74) and Th/Ta (2-5) evidence an orogenic context [46, 47] , also shown in the Th-Tb-Ta diagram ( [17] , Figure 6A ). Incompatible elements (Table 1 and Figure 7A ) exhibit negative anomalies in Nb and Ta and differ from positive anomalies in Initial Rift Tholeiite (IRT, [25] ), thus preventing a relationship with a rifting environment (Figure 11) .
A rifting setting was mentioned for the "rosary of ditches" of the "Central African" discontinuity in Southern Chad, and would have occurred during rift development after diachronic opening of the South Atlantic during the Early Cretaceous [48, 49] . Negative Nb, Ta and Ti anomalies in Mongo dolerites ( Figure 7A ) are interpreted as the imprints of older subduction-related magmatism [50] occurring during a previous converging event ( Figure 6B and 6C).
From field evidence, dykes would have been emplaced during the last stages of Pan-African orogeny along three different NNE-SSW, NE-SW and ENE-WSW directions which may suggest that they form different swarms [32] . The only geodynamic setting is the "metacratonisation" process which has affected the ancient continental crust of the north-eastern part of Africa [9, 51] combining collisional processes, lithospheric delamination, regional extension, and post-collisional dismembering through strike-slip shearing [9] .
Conclusion
Dyke swarms crosscutting the granitic basement of Mongo within the Guéra Massif have basalt, to trachybasalt to basaltic trachyandesite compositions and share affinities with continental tholeiites. They exhibit variable doleritic textures, containing phenocrysts, microlites and microcrysts of clinopyroxene, amphibole, plagioclase, alkali feldspar and Fe-Ti oxides. They were emplaced along NNE-SSW, NE-SW and ENE-WSW trending brittle faults at PanAfrican times. Geochemically, they underwent differentiation by fractional crystallization. They may have been generated from partial melting of enriched sub-continental mantle during the final stages of metacratonisation of ancient continental crust of the north-eastern part of Africa, prior to the Mesozoic opening of the South Atlantic Ocean.
